Objective: To find useful methods for the studies of cognitive function during a postprandial period, and to use these methods to evaluate function after test meals differing in post meal glycaemia. Subjects/Methods: Forty healthy volunteers aged 49-70 years were studied. A glucose solution (glucose 50 g) was provided through either a bolus or sipping regimen at breakfast to simulate a high-GI or a low-GI breakfast, respectively. Cognitive tests of working memory (WM) were performed at 35, 90, 120 and 150 min after commencing the breakfast, and a test of selective attention (SA) was performed at 170 min. Results: Subjects with higher glucose tolerance performed better in the cognitive tests (Po0.05). After entering glucose tolerance as covariate, the subjects performed better in the working memory test at 90 min (Po0.034) and in the selective attention test at 170 min (Po0.017) after the simulated low-glycaemic index (GI) breakfast compared with the simulated high-GI breakfast. Conclusion: Possibly, the cognitive functions tested were enhanced by avoiding a sharp decline in blood glucose concentration and by maintaining a higher glycaemia in the late postprandial period, respectively. A low-GI diet is preferable in the prevention of the risk of cognitive decline as a result of less efficient glucose regulation.
Introduction
The glycaemic index (GI) is a concept used to classify carbohydrate-rich foods according to their effects on the postprandial blood glucose response. Epidemiological data suggest that a low-GI diet has a protective role against development of type II diabetes (Salmeron et al., 1997a, b) , coronary heart disease (Liu et al., 2000; Jenkins et al., 2002) and the metabolic syndrome (McKeown et al., 2004) .
However, glucose is the main fuel of the brain, and optimal cognitive function requires maintenance of an adequate blood glucose level. A number of studies, of which several are reviewed by Riby (2004) and Messier (2004) , have demonstrated positive effects on cognitive functions when providing glucose in the form of a glucose drink. Improved cognitive functions have also been observed after ingestion of a breakfast meal compared with a fasting state (Benton and Parker, 1998; Pollitt et al., 1998; Martin and Benton, 1999) .
A period of intensive cognitive demand has been shown to result in a measurable decrease in peripheral blood glucose levels in man, caused by an increased neural energy expenditure (Scholey et al., 2001 (Scholey et al., , 2006 . In rats, extracellular glucose concentration in the brain decreased during cognitive demand, and when systemic glucose was administered, the decrease was circumvented and the cognitive performance enhanced (McNay et al., 2000 ). These findings points to a direct relation between cognitive performance, systemic blood glucose concentrations and extracellular brain glucose levels. Due to the significant differences in postprandial blood glucose profiles after a high-GI compared with a low-GI meal, cognitive functions during the postprandial phase may differ depending on the choice of food. However, just a limited number of studies have previously been performed in this research area. In type II diabetic subjects, a low-GI breakfast resulted in better cognitive performance compared with a high-GI breakfast (Papanikolaou et al., 2006) . In a study by Benton et al. (2003) , in young healthy subjects (students, mean age of 21 years), it was suggested that some cognitive functions were enhanced in the late postprandial period by a low-GI breakfast compared with a high-GI breakfast. In addition to the choice of food intake, also the glucose tolerance (GT) of the subject has to be taken into consideration. Consequently, it is evident from the literature that type II diabetes is associated with an increased risk of cognitive dysfunction (Strachan et al., 1997; Ryan and Geckle, 2000; Gallacher et al., 2005) . An accumulating body of data also shows a relation between GT and cognitive functions in healthy adults, especially in elderly persons, with an impaired function in subjects with impaired GT (Messier et al., 1997 (Messier et al., , 2003 Convit et al., 2003) .
Since glucose is the main fuel of the brain, it could be hypothesized that differences in rate of postprandial glucose delivery to the blood could affect cognitive functions during the postprandial phase. The aim of this work was to develop suitable methods to study potential differences in cognitive functioning during the postprandial period, and to apply these in healthy volunteers (49-70 years) after test meals differing in post-meal glycaemia.
Subjects and methods

Test subjects
Healthy middle-age subjects, 20 women and 20 men, with a mean age of 59 years (range 49-70 years) and normal body mass index (23.872.7 kg m À2 ; x7s.d.) participated in the study. One subject had a slightly elevated fasting blood glucose concentration (5.6 mmol l À1 ), whereas the glucose concentration 2 h after a glucose drink (50 g glucose) was 6.6 mmol l À1 . The rest of the subjects had fasting glucose concentrations o5.6. Nineteen out of the 20 men performed the working memory (WM) test at 120 min after commencing the sip breakfast (sip breakfast and WM test; see the next paragraphs). Approval of the study was given by the Regional Ethical Review Board in Lund, Sweden.
Test meals
To give rise to different postprandial blood glucose profiles, a glucose solution (50 g glucose suspended in 450 ml water) was administered in two different ways. To mimic a high-GI meal, the glucose was administered as a bolus drink, and the subjects consumed the glucose solution within 10-12 min. To mimic a low-GI meal, the glucose solution was instead divided into six equal loads, which were consumed through continuous sipping during 150 min. Consequently, each of the six glucose loads was consumed within 1 min at 0, 30, 60, 90, 120 and 150 min, respectively.
Cognitive tests Working memory. The WM capacity was estimated by tests of the type originally used by Daneman and Carpenter (1980) , requiring simultaneous storing and processing of information. The tests employed in the present study represent an extension of the methodology, originally developed by Radeborg et al.(1999) . There are several reasons for choosing WM as a measure of cognitive performance in this study. WM can be defined as a system responsible for simultaneous temporary storing and processing of information, and is involved in many everyday activities, such as mathematical problem solving where one often has to remember part of the result in a calculation while performing further mathematical operations. WM represents a fundamental ability for higher-level cognitive processes. Thus, measures of WM capacity have been shown to correlate significantly with activities as diverse (as for example) reading comprehension (Daneman and Carpenter, 1980) , note taking (Kiewra and Benton, 1988) , following of directions (Engle et al., 1991) , reasoning (Kyllonen and Christal, 1990 ) and complex learning (Kyllonen and Stephens, 1990) . Some authors (Kyllonen, 1996; Engle et al., 1999) , even claim that WM and general problem-solving ability or intelligence, as measured by for example, Raven's Matrices, reflect nearly identical constructs. However, whereas intelligence tests generally only can be administered once due to risk of considerable learning effects, WM can be measured repeatedly, thus enabling one to study the development of WM over a period of time; or in this particular study in the postprandial phase. The WM tests in this study were oral, and each test composed of 12 sets of four short declarative sentences that could be either semantically meaningful of the type 'the boy brushed his teeth', or nonsensical, such as 'the rabbit struck the idea'. The sentences were read one by one to the subjects, and immediately after each sentence they had to indicate if the sentence was semantically meaningful or not. After each set of four sentences, the subjects had to repeat, in any order, the first noun in each of the four sentences. Four WM tests were included at each experimental day. Eight different but comparable WM tests were included in the study. To reduce a risk that the subjects were unequally informed when the last test occasion occurred (150 min), each experimental day the subjects were informed prior to the last test point that 'it is now the last WM test for today, and it is therefore the last chance to perform well', thus standardizing the test situation such to reduce variability within as well as in between subjects.
Selective attention. The test used to study selective attention (SA) was especially developed for this study. The test was based on spatial perception and primarily measured the ability to sustain a prolonged attention, and to control and split the attention to the entire picture on the computer screen. Like the WM test, this test also deals with simultaneous temporary storing and processing of information. The storing time required was however shorter compared with the WM test, whereas the time pressure was higher. The SA was measured using a computerized test made up of 72 pictures, each shown for 2 s on the screen. The pictures consisted of a square on a white background divided into four smaller squares. One of the smaller squares was red, one square was green, and two squares were uncoloured (white), resulting in a total of 12 unique picture combinations. The subjects had to remember the positions of the coloured squares, and to compare each new picture with the preceding one. Each time a new picture emerged on the screen, the green, the red or none of the coloured squares were positioned in the same position compared with the previous picture. Within 2 s, the subjects were supposed to indicate by pressing one of three different keys on the keyboard, which of the three possible alternatives that occurred for each new picture. The test began with a short training session and then took approximately 10 min to perform. The test was scored with the number of correct responses (CRs) and for the reaction time (RT) needed to give the correct answer (that is, press one of the keys).
Determination of blood glucose and GT Finger-prick capillary blood samples were taken for determination of blood glucose (HemoCueB-glucose analyzer, HemoCue AB, Ä ngelholm, Sweden). The difference in mmol l À1 between the individual highest and the lowest blood glucose values after the bolus glucose drink was taken as a measure of the efficiency in blood glucose regulation. The median of the differences was calculated (n ¼ 40), and the 20 subjects with a difference between their highest and lowest glucose values above the median were classified as with 'lower glucose tolerance' and the 20 subjects beneath with 'higher glucose tolerance'. Further, the difference in mmol l À1 between the highest and the lowest blood glucose values entered in analysis of variance as covariate concerning the cognitive tests.
Study design
Each subject participated in the study at two separate timings (0800-1100 hours), approximately 1 week apart. At 2130 hours the evening before the experimental days, the subjects consumed a standardized evening meal consisting of white wheat bread (Jätterasken, Pågen AB, Malmö, Sweden). After the evening meal, the subjects were fasting until entering the laboratory at 0745 hours the next morning. The test breakfasts were served at 0800 hours. Blood glucose concentrations were determined at fasting (time ¼ 0 min) immediately prior the breakfast, and then at 15, 35, 45, 60, 90, 150, 170 and 180 min after commencing the breakfast. Cognitive tests of WM were performed at 35, 90, 120 and 150 min. The test points were chosen to explore the WM when the difference in blood glucose concentrations was supposed to be at maximum (35 min), and when the blood glucose after the bolus glucose drink sharply declined (90 min), and further, when it was supposed that the blood glucose concentrations were higher during the sipping condition compared with the bolus condition (120 and 150 min). At 170 min, the subjects performed a test measuring SA, including also a measure of RT. An overview of the experimental days is shown in Figure 1 , together with the mean blood glucose curves after the two test breakfasts. The study was balanced and had a crossover design. The design resulted in two different consumption orders of the two test breakfasts; 20 subjects (10 men and 10 women) consumed the bolus drink of glucose (B) on their first experimental day and the sipping alternative (S) on the second occasion (BS group). Consequently, 20 subjects (10 men and 10 women) started with the S breakfast and had the B alternative at the second occasion (SB group). The 10 men and 10 women in each group were chosen randomly. The WM tests were given in two different orders (WM test nos. 1-4 or nos. 5-8), and the test order was balanced between and within the test groups.
Calculations and statistical methods GraphPad Prism (version 4.03; GraphPad Software, San Diego, CA, USA) was used for graph plotting and calculation of glucose incremental areas under the curves (IAUCs). Repeated measures analysis of variance was used to determine the influence of test meals on blood glucose response, with test meal, order of the test meals and time as independent variables. The effect of higher versus lower GT (as stated in this study) was investigated by analysis of 
Results
Postprandial blood glucose response after the different test meals
The blood glucose responses following the sipping or bolus load of glucose are shown in Figure 1 . The fasting (baseline) blood glucose concentrations before commencing the two different test breakfasts were equal (4.970.06 mmol l À1 ; x7s.e.m.). The results showed a significant meal Â time interaction (Po0.0001) in blood glucose concentration over the course of the experimental period. During the first half of the test period (0-90 min) the blood glucose IAUC was larger after the bolus glucose drink compared with sipping glucose (Po0.0001; Figure 1) , whereas during the last half of the experimental period (90-180 min), the blood glucose IAUC was larger after sipping (Po0.0001). Consequently, after consuming a bolus drink of glucose, the blood glucose concentration increased rapidly to a high peak value whereafter the concentrations dropped below the fasting level during the last part of the experimental period (120-180 min). At 180 min after the bolus glucose drink, one subject had a glucose concentration at the basal value whereas the rest of the subjects had glucose concentrations below their fasting values. In contrast, the sipping regimen resulted in a smaller but prolonged increment in blood glucose concentrations that did not return to the fasting value during the course of the experimental period. The 50 g bolus glucose load resulted in significant negative correlations (Pp0.01) between blood glucose concentrations in the early (35-45 min) and the late postprandial period (150-180 min), that is high blood glucose increment in the early postprandial period resulted in low blood glucose concentrations in the late postprandial period. There were no negative correlations between blood glucose concentrations in the early and the late postprandial period after sipping. The median difference in mmol l À1 between the highest and the lowest 3 h postprandial glucose concentrations after the bolus glucose drink was 5.4 mmol l À1 . Subjects with a larger difference than the median value were classified as with lower GT and those with a smaller difference were classified as with higher GT.
Outcome of the cognitive tests in relation to test breakfasts
The results showed a significantly better performance in the WM test at 90 min following sipping glucose compared with the bolus glucose load (figures presented without being adjusted for GT; 33.271.0 and 32.870.8 credits respectively, Po0.05; Table 1 ). At the first test point (35 min) a significant (type of breakfast (S or B)) Â (order of breakfast (BS or SB)) interaction was observed (Po0.01). The interaction shows that the subjects in the BS group performed better after the sipping breakfast and the SB group performed better after the bolus breakfast at the first test point, that is the performance at 35 min was better at the second test day. This finding resulted in an investigation of the development of the results in the WM tests during the course of the first experimental day, that is when the SB group had the sipping breakfast and the BS group had the bolus breakfast. At the first test occasion (35 min, test day 1) the mean scores in the WM test for the SB-and the BS group were similar 31.571.0. However, when the scores for the WM tests were followed during the first experimental day (150 min test point excluded), the performance in WM test was significantly better in the BS group compared with the SB group (Po0.05; Figure 2 ). At 150 min, the subjects were informed that 'it is now the last WM test for today, and it is therefore the last chance to perform well'. Judging from a significant number of subjects with an increase in WM performance from 120 to 150 min (n ¼ 39, 30 subjects with better and four with equal performance, nonparametric sign test Po0.0001), most probably this comment affected the result at this test point. The subjects performed significantly better in the SA test (CR) during the sipping condition compared with the bolus Cognitive function in relation to GT and glucose increments As a general feature, the subjects with lower GT (as judged from the glycaemic response to the 50 g of bolus glucose drink) performed less well in the cognitive tests compared with the subjects with higher GT, whether evaluated in the early or late postprandial phase and whether performed during bolus or sipping conditions. Consequently, the differences in performance were significantly dependent on GT (Po0.05) at all test points in the WM tests, with exception for 90 min during the bolus condition, and 35 and 150 min during the sip condition (Table 3 ). In the SA test, the differences in performance depending on GT became significant (Po0.05) during the sipping condition in the part of the test that concerned the CR (Table 4) . Mainly negative correlations were found between blood glucose increments during the earlier postprandial period and WM tests; that is higher blood glucose increments in this period were associated with inferior performance. Most prominent negative correlations were observed during the sipping condition. Thus, the WM performance at 35 min correlated negatively with blood glucose increments at 35 min (r ¼ À0.54, Po0.001) and 45 min (r ¼ À0.41, Po0.01) during the sipping condition. In addition, the blood glucose increment at 35 min during sipping also correlated negatively with the outcome of the WM tests at 90 min (r ¼ À0.39, Po0.05) and 120 min (r ¼ À0.32, Po0.05). After an initial high blood glucose peak in the case of the bolus condition, most of the subjects showed a decrease in blood glucose concentration to a level beneath the fasting value for the last hour of the experimental period (120- 180 min). Higher glycaemic concentrations in the later postprandial phase after the bolus drink resulted in better cognitive performance. Consequently, the WM test at 150 min during the bolus condition was positively associated with the blood glucose increments at 180 min (r ¼ 0.35, Po0.05). The outcome of the SA test correlated with blood glucose increments in the late postprandial period similar to the pattern seen following the WM test. At 180 min after the bolus glucose drink there was a significant negative correlation between blood glucose increment and RT (r ¼ À0.34, Po0.05), that is higher blood glucose increments resulted in faster RT.
Discussion
With respect to blood glucose concentrations, it was possible to simulate typical behaviour of high-GI versus low-GI meals by administrating glucose as a bolus (B) dose or in a sipping (S) manner, respectively. At 90 min, the sipping regimen maintained a constant and positive net increment in blood glucose, whereas the bolus load displayed a rapid decline in blood glucose. The benefits with sipping over bolus at 90 min may indicate that a rapid decline in blood glucose level in the later postprandial phase, frequently associated with high-GI starchy foods, is less advantageous from a cognition perspective. The SA test was performed in the late postprandial period (170 min), and during this particular time period the increments in blood glucose concentrations was significantly higher during sipping compared with the bolus condition. From a GI perspective, the better performance in the SA test during the sipping condition could be interpreted as if low-GI foods by virtue of their low but sustained net increment in blood glucose offer cognitive advantages in the later postprandial period. The findings in the present study showing better cognitive performance in the late postprandial period after a breakfast with low-GI compared with high-GI properties are well in line with previous findings by Benton et al. (2003) showing that certain measures of cognitive functions in a healthy student population (mean age of 21 years) was enhanced by a low-GI compared with a high-GI breakfast.
Prior to the WM test occasions at 150 min, the subjects were told that 'it is now the last WM test for the day, and it is therefore the last chance to perform well'. Especially as the subjects expressed that the test was more difficult than what they had expected, probably this comment resulted in a mobilized concentration, with a concomitant increase in performance as judged from the increase in WM performance from 120 to 150 min.
In both the SB and BS group, a significantly better performance was seen at the second experimental day compared with the first day, in the WM test (35 min) as well as in the SA test at 170 min (CR). The improved performance can be speculated to be due to a learning effect from the first to the second experimental day, but, since there were no SSor BB groups other factors for the improvement cannot be excluded. Interestingly, a significantly better performance in the WM test was found during the course of the first experimental day after the bolus glucose breakfast compared with the sipping condition (test point at 150 min excluded). The enhancement in the repeated tests following a bolus glucose drink is suggested to be due to an advantage of a higher postprandial glycaemia when the very first test was performed. This can be interpreted as if a higher blood glucose concentration at the start of a series of repeated tests may promote the performance later in the same test series. There may be a critical blood glucose level, which needs to be reached after a breakfast meal to achieve optimal conditions for best performance as measured with repeated WM tests. The enhancement in performance in the WM test during the first day with the bolus condition may also be due to an enhanced ability to modulate a strategy to cope with the repeated tests; this strategy was reached more easily after the bolus regimen. Consequently, although the test per se is a direct measure of the state of WM, some subjects disclosed that they were exploiting ways to remember the words better, for example, compose a story on the basis of the words that should be remembered. Despite that it has previously been assumed that WM tests can be applied repeatedly to study the development of WM over a period of time, repeated tests may not be the best way for evaluation of differences of cognitive performance in relation to food intake at specific time points in a postprandial phase. Possibly, the performance in WM testing at later test points can be influenced by for example, glycaemic conditions during performance in the earlier postprandial phase; in this study especially at the first test point (35 min) when the difference in blood glucose after the test breakfasts was most pronounced. However, the WM tests as performed in the present study allow us to suggest that a high-GI breakfast may improve the capacity in the performance of repeated tests in the postprandial period. This does not necessarily mean that low-GI foods in general are less advantageous, but when tailoring low-GI foods for improved metabolic function, it could be that a certain glycaemic effect needs to be maintained in the initial postprandial phase not to deteriorate cognitive functions.
Although all subjects displayed glycaemic responses to the 50 g bolus glucose drink within a normal range, significant differences were found in cognitive performance depending on whether the subject was characterized as with higher or lower GT, respectively. The subjects in the group with higher GT generally performed significantly better in the cognitive tests compared with the group with lower GT. This finding is in line with previous results in non-diabetic subjects showing impaired cognitive capacity in young (Donohoe and Benton, 1999) and middle-aged (Kaplan et al., 2000) subjects with less efficient glucose regulation, and in diabetic subjects (Strachan et al., 1997; Ryan and Geckle, 2000; Gallacher et al., 2005) . Insulin resistance is suggested to be a main factor underlying the metabolic disorders involved in the metabolic syndrome (DeFronzo and Ferrannini, 1991; Ferrannini et al., 1991) . Impaired GT is one of the main features of this syndrome, and identifies subjects with increased risk of type II diabetes and cardiovascular disease. Since the introduction of the GI concept, an accumulating body of data has shown beneficial effects of low-GI foods in treatment and prevention of diabetes, cardiovascular disease (Jenkins et al., 2002; Brand-Miller, 2003) and the metabolic syndrome (Frost and Dornhorst, 2000; Brand-Miller, 2004; McKeown et al., 2004) . The results of the present, and also previous studies (referred to above), may suggest that in addition low-GI foods might also prevent cognitive decline related to impaired GT.
Even though the subject in the present study must all be described as glucose tolerant (as defined from the fasting glucose concentration and the postprandial blood glucose response to the bolus glucose drink) the variation in GT was probably larger in the present subject group of middle-aged subjects than it would have been in younger subjects. Although type II diabetes may occur in adolescents, the risk to develop glucose intolerance or type II diabetes increases with increasing age. This was also one of the reasons for including middle-aged subjects in the present study. Another reason was that most of the studies in healthy subjects in this area have been performed on younger subjects, for example, students. The students are often recruited from a homogenous group that are used to an academic environment with exposure to different tests. The subjects of still active and healthy middle-aged subjects in this study were therefore an interesting group to investigate. In summary, the breakfast that had the capacity to maintain a net increment in blood glucose concentration throughout the cognitive testing, that is the low-GI breakfast, seemed to have an advantage on cognitive performance compared with a high-GI breakfast. However, an advantage in WM performance during the course of the first experimental day was seen when the subjects consumed the bolus glucose load and were challenged with a cognitive problem in a situation of higher blood glucose concentrations in the initial phase; that is at 35 min after the bolus glucose drink. Further, the results showed that differences in GT, albeit within a normal range, importantly influenced the cognitive performance. We thus suggest that the cognitive performance can be affected by the efficiency in blood glucose regulation also in healthy subjects, that is subjects with lower GT performing inferior. A low-GI diet therefore appears preferable in subjects at risk of impaired glucose regulation and the insulin resistance syndrome in that it may reduce also the risk of an associated cognitive decline.
